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One	 Sentence	 Summary:	 Geophysical,	 laboratory	 conductivity	 and	 petrological	 experiments	 reveal	22 
that	deep	electrical	conductivity	anomalies	beneath	the	Central	Andes,	Cascades	and	Taupo	Volcanic	23 




The	 formation	 of	 the	 continental	 crust	 at	 subduction	 zones	 involves	 the	 differentiation	 of	 hydrous	28 
mantle-derived	 magmas	 through	 a	 combination	 of	 crystallization	 and	 crustal	 melting.	 However,	29 
understanding	 the	 mechanisms	 by	 which	 differentiation	 occurs	 at	 depth	 is	 hampered	 by	 the	30 
inaccessibility	of	the	deep	crust	in	active	continental	arcs.	Here	we	report	new	high-pressure	electrical	31 
conductivity	and	petrological	experiments	on	hydrated	andesitic	melt	from	Uturuncu	volcano	on	the	32 
Bolivian	 Altiplano.	 By	 applying	 our	 results	 to	 regional	 magnetotelluric	 data,	 we	 show	 that	 giant	33 
conductive	anomalies	at	mid-crustal	levels	in	several	arcs	are	characterized	by	relatively	low	amounts	34 
of	 integranular	 andesitic	 partial	melts	with	unusually	 high	dissolved	water	 contents	 (≥8	wt.%	H2O).	35 
Below	 Uturuncu,	 the	 Altiplano-Puna	 Magma	 Body	 (APMB)	 displays	 an	 electrical	 conductivity	 that	36 
requires	high	water	 content	 (up	 to	10	wt.%)	dissolved	 in	 the	melt	based	on	crystal-liquid	equilibria	37 
and	melt	H2O	solubility	experiments.	Such	a	super-hydrous	andesitic	melt	must	constitute	about	10%	38 
of	the	APMB,	the	remaining	90%	being	a	combination	of	magmatic	cumulates	and	and	older	crustal	39 
rocks.	 The	 crustal	 ponding	 level	 of	 these	 andesites	 at	 around	6	 kb	pressure	 implies	 that	 on	 ascent	40 
through	the	crust	hydrous	magmas	reach	their	water	saturation	pressure	in	the	mid-crust,	resulting	in	41 











crust	 (Grove	 et	 al.,	 2012).	 Arc	 magmatism	 is	 widely	 considered	 to	 be	 the	 primary	 mechanism	 of	53 
continental	 crust	 formation,	 whereby	 mantle-derived	 magmas	 with	 basaltic	 to	 high-Mg	 andesitic	54 
compositions	differentiate	within	the	crust	to	produce	more	evolved,	silica-rich	magmas	(e.g.	Annen	55 
et	 al.,	 2006;	 Castro	 et	 al.,	 2013).	 However,	within	 this	 conceptual	 petrological	 framework,	 ongoing	56 
uncertainty	remains	about	many	of	the	key	details,	hampering	our	understanding	of	the	mechanisms	57 
of	 magmatic	 differentiation,	 crustal	 growth	 and	 water	 recycling	 through	 subduction	 zones.	 For	58 
example,	although	Earth’s	continental	crust	has	an	overall	andesitic	composition	(Rudnick,	1995),	it	is	59 
unclear	 whether	 andesite	 is	 truly	 the	 most	 abundant	 melt	 composition	 above	 subduction	 zones	60 
(Carmichael,	 2002;	 Castro	 et	 al.,	 2013),	 or	 whether	 magma	 mixing	 and	 crustal	 melting	 play	 an	61 
important	 role	 in	 producing	 the	 observed	 compositional	 spectrum	 (Reubi	 &	 Blundy,	 2009;	 Lee	 &	62 
Bachmann,	2014;	Laumonier	et	al.,	2014;	Keller	et	al.,	2015).	Similarly,	there	 is	uncertainty	over	the	63 
dissolved	magmatic	water	and	carbon	dioxide	contents	of	arc	magmas	and	the	role	that	they	play	in	64 
triggering	volatile	saturation	 (Blundy	et	al.,	2010),	driving	compositional	diversity	 (Melekhova	et	al.,	65 
2013)	and	controlling	the	depths	at	which	magmas	stall	and	differentiate	(Annen	et	al.,	2006;	Blatter	66 
el	al.,	2013).	Water	contents	up	to	10	wt.%	have	been	measured	in	andesite	melt	inclusions	(Grove	et	67 
al.,	 2012)	 and	 inferred	 from	 mineral	 chemistry	 (Edmonds	 et	 al.,	 2014),	 whereas	 most	 arc	 basalts	68 
appear	to	contain	approximately	4	wt.%	H2O	(Plank	et	al.,	2013).	Although	differentiation	of	hydrous	69 
basalts	 will	 tend	 to	 increase	 dissolved	 H2O	 contents,	 this	 is	 only	 possible	 at	 elevated	 pressures	70 
because	of	the	depth-dependent	solubility	of	volatiles.	It	is	unclear	whether	very	high	water	contents	71 
are	 representative	 of	 arc	magmas	 or	 simply	 local	 anomalies	 resulting,	 for	 example,	 from	 relatively	72 
high-pressure	differentiation.	73 
The	study	of	exhumed	rocks	can	elucidate	many	ancient	magmatic	processes	occurring	close	to	the	74 
surface,	 although	 the	 effects	 of	melt	 solidification	 and	modification	 during	 exhumation	 can	 confer	75 
complications.	 To	 image	 magmatic	 processes	 in	 real	 time,	 or	 at	 greater	 depth,	 geophysical	76 
exploration,	such	as	seismic	or	magnetotelluric	(MT)	surveys	are	required.	By	measuring	the	crustal-77 
scale	 conductivity	 and	 seismic	 wave	 velocity,	 geophysical	 exploration	 has	 produced	 3D	 images	 of	78 
subduction	zone	magmatic	systems	(Comeau	et	al.,	2015;	Hill	et	al.,	2009;	Ward	et	al.,	2014;	Heise	et	79 
al.,	2010).	In	principle,	conductivity	and	seismic	images	are	able	to	detect	silicate	melts	in	the	process	80 
of	 solidification	 to	 form	 plutonic	 rocks.	 Such	 images	 are	 not,	 however,	 unambiguous	 in	 their	81 
interpretation	as	a	variety	of	 interwoven	 factors	 can	produce	anomalies	 in	velocity	or	 conductivity.	82 
For	example,	electrical	conductivity	is	sensitive	to	both	the	amount	and	the	composition	of	the	melt,	83 
including	 its	 dissolved	 water	 content,	 and	 also	 to	 pressure	 and	 temperature	 (Gaillard,	 2004;	84 
Laumonier	et	al.,	2015).	The	interpretation	of	MT	data	must	be	informed	by	laboratory	studies	of	the	85 
electrical	 conductivity	 of	 melts	 at	 relevant	 pressure	 and	 temperature.	 To	 minimise	 ambiguity	 this	86 
interpretation	must	be	placed	in	a	petrological	and	geological	context	that	includes	the	composition	87 
(and	 water	 content)	 of	 melt	 reservoirs	 and	 their	 distribution	 within	 the	 crust.	 In	 this	 study,	 we	88 
characterize	 the	 effects	 of	 temperature,	 pressure,	 dissolved	 water	 content	 and	 melt	 fraction	 to	89 
develop	a	model	of	electrical	conductivity	that	can	be	used	to	interpret	crustal	conductivity	anomalies	90 
due	to	andesitic	partial	melt.	By	combining	our	results	with	petrological	experiments	we	are	able	to	91 




Samples	 for	 the	 electrical	 conductivity	 measurements	 were	 prepared	 from	 an	 andesitic	 inclusion	96 
(UTU5;	Table	1)	 from	Cerro	Uturuncu,	a	Pleistocene	volcano	on	the	Bolivian	Altiplano	(Sparks	et	al.,	97 
2008).	 The	 andesite	 inclusions	 are	 hosted	 by	 dacite	 lava	 flows,	 which	 are	 the	 dominant	 eruptive	98 




dry	 experiments	 and	 as	 the	 starting	material	 for	 the	 hydration	 syntheses	 in	 a	 piston	 cylinder	 and	103 
internally	heated	pressure	vessel	as	described	in	Laumonier	et	al.	(2015).		104 
	105 
		 SiO2	 TiO2	 Al2O3	 FeO	 MgO	 MnO	 CaO	 Na2O	 K2O	 Total	
GSM13N	(Muir	et	al.	2015)	 56.5	 1.3	 16.3	 7.7	 5.8	 nd	 7.9	 2.4	 1.9	 99.8	
	 	 	 	 	 	 	 	 	 	 	
UTU5	Sparks	et	al.	(2008)	 59,85	 1,17	 17,26	 7,14	 3,38	 0,11	 5,83	 2,27	 2,99	 99,62	
	
	 	 	 	 	 	 	 	 	 	
Dry	starting	glass	 60,93	 1,14	 17,20	 6,60	 3,20	 0,12	 5,54	 2,09	 3,17	 98,47	
	
0,27	 0,09	 0,14	 0,28	 0,16	 0,08	 0,10	 0,05	 0,07	 0,38	
	
	 	 	 	 	 	 	 	 	 	
Exp.	UTU5-15kb-0	 61,46	 1,15	 17,10	 6,37	 3,27	 0,01	 5,51	 2,10	 3,02	 98,34	
	
0,20	 0,08	 0,14	 0,20	 0,06	 0,02	 0,06	 0,03	 0,04	 0,19	
Exp.	UTU5-15kb-1.8	 61,37	 1,18	 17,79	 5,82	 3,31	 0,03	 5,31	 2,17	 3,03	 96,65	
	
0,67	 0,08	 0,53	 0,20	 0,17	 0,03	 0,14	 0,09	 0,10	 0,34	
Exp.	UTU5-15kb-5.9	 61,08	 1,17	 17,21	 6,27	 3,40	 0,09	 5,48	 2,11	 3,19	 92,78	
	
0,46	 0,12	 0,30	 0,46	 0,60	 0,11	 0,19	 0,07	 0,10	 0,24	
Exp.	UTU5-15kb-7.2	 61,75	 1,23	 18,38	 4,89	 3,30	 0,01	 5,37	 2,03	 3,03	 91,19	
		 0,77	 0,09	 0,66	 0,16	 0,10	 0,01	 0,14	 0,03	 0,06	 0,34	
Table	 1:	 Chemical	 compositions	 of	 the	 starting	material	 and	 experimental	 glasses	 from	 electrical	106 
conductivity	measurements.	Standard	deviations	are	indicated	in	the	italic	font	below.	107 
	108 




Each	 sample	 was	 analysed	 through	 7	 to	 25	 spots	 to	 check	 for	 homogeneity	 of	 the	 water	113 
concentration.	We	used	a	 linear	baseline	correction	 to	determine	 the	peak	height	absorbance,	and	114 
calculated	the	water	concentration	by	the	Beer-Lambert	 law,	using	extinction	coefficients	for	dacite	115 
with	 similar	 composition	 (Ohlhorst	 et	 al.,	 2001).	 The	 thickness	 of	 the	 sample	 was	 measured	 by	 a	116 
Mitutoyo	digital	micrometre	and	checked	by	the	calibrated	stage	of	the	microscope.	To	minimize	the	117 
uncertainty,	samples	were	kept	as	thick	as	possible	but	transparent	for	IR	rays	(thickness	<	200	μm).	118 
Depending	 on	 the	 water	 content,	 the	 sample	 thickness	 and	 transparency,	 either	 the	 fundamental	119 











Ten	 in	 situ	 electrical	 conductivity	 experiments	were	 conducted	 at	 three	 different	 pressures	 on	 the	131 
andesite	glass	with	various	water	contents	using	a	½”	and	¾”	end-loaded	piston	cylinder	apparatus	at	132 
ISTO	 following	 the	 procedure	 of	 Sifré	 et	 al.	 (2014)	 and	 Laumonier	 et	 al.	 (2015)	 (Table	 2).	 The	133 
background	of	the	electrical	conductivity	of	silicate	melts	is	described	elsewhere	(e.g.	Gaillard,	2004;	134 
Pommier	et	al.,	2008;	2014;	Laumonier	et	al.,	2015).	Electrical	conductivity	was	determined	from	the	135 
sample	 resistance	 measured	 by	 impedance	 spectroscopy.	 Impedance	 data	 were	 acquired	 during	136 
repeated	 heating-cooling	 cycles	 in	 the	 temperature	 range	 where	 the	 sample	 is	 liquid	 (Fig.	 2).	 The	137 
temperature	 was	 quickly	 increased	 (about	 200°C/min)	 to	 ~1,100°C	 to	 minimize	 crystallization	 and	138 
water	 loss.	 To	 reduce	 the	 risk	of	 sample	dehydration,	 run	durations	were	kept	as	 short	as	possible	139 
(typically	less	than	3	hours;	Table	2).	The	subsequent	experimental	procedure	consisted	of	varying	the	140 
furnace	 power	 using	 manual	 settings,	 followed	 by	 a	 1-minute	 delay	 to	 allow	 equilibration	 of	 the	141 
sample	 before	 collecting	 electrical	 measurements.	 Conductivity	 was	measured	 during	 at	 least	 two	142 




heating-cooling	 path	 resistance	 values	 and	 the	 constant	 resistance	 with	 time	 (error	 on	 the	147 


















G	 T°C	(1)	 T°C	(2)	 Duration	 Ea	(J)	 Log	σ0	
UTU5-5kb-0	 0.5	 0.1	 0.0212	 1043	 1289	 3:59	 139184	 4.33	
UTU5-5kb-1.7	 0.5	 1.7	 0.0067	 996	 1231	 2:42	 129178	 4.35	
UTU5-5kb-4.3	 0.5	 4.3	 0.0123	 910	 1141	 1:59	 92740	 3.55	
UTU5-5kb-6.2	 0.5	 6.2	 0.0234	 962	 1213	 2:36	 82289	 3.59	
UTU5-15kb-0	 1.5	 0.0	 0.0137	 1366	 1137	 2:07	 171202	 5.37	
UTU5-15kb-1.8	 1.5	 1.8	 0.0129	 1372	 1149	 2:37	 151101	 5.02	
UTU5-15kb-5.9	 1.5	 5.9	 0.0210	 1465	 1123	 2:01	 96602	 4.01	
UTU5-15kb-7.2	 1.5	 7.2	 0.0225	 1111	 1407	 1:21	 78867	 3.57	
UTU5-30kb-0	 2.8	 0.0	 0.0095	 1027	 1319	 2:15	 185478	 5.63	
UTU5-30kb-9.0	 3.0	 9.0	 0.0088	 1382	 1153	 1:39	 67168	 3.61	
Volatile-saturated	and	under-saturated	melting	experiments	were	conducted	at	pressures	from	5	to	8	161 






were	weighed	 before	 and	 after	welding	 to	 check	 for	 H2O	 loss.	 The	 hot	 piston-in	 technique	 (Boyd,	168 
1960;	Green	&	Ringwood,	1967)	was	employed	with	a	friction	correction	of	-3%	(McDade	et	al.,	2002)	169 
applied	 to	all	 experiments.	Motorised	pressure	 controls	on	 the	piston	 cylinders	ensure	oil	 pressure	170 
remains	 constant	 during	 experimental	 runs.	 Temperature	 was	 measured	 using	 a	 programmable	171 
Eurotherm	controller	and	a	type	D	(W/Re)	thermocouple	with	an	estimated	accuracy	of	±2°C	and	was	172 
held	 within	 ±1°C	 of	 the	 set	 point	 for	 each	 experiment.	 Runs	 were	 quenched	 by	 switching	 off	 the	173 
power	supply	with	resulting	cooling	rates	in	excess	of	100°C	per	second.	Major	element	chemistries	of	174 
experimental	 run	products	were	analysed	by	electron	microprobe	at	 the	University	of	Bristol.	Glass	175 
fraction	was	determined	by	mass	balance.	176 
Run	conditions	 		 Run	Products	 		 Plagioclase	 		 H2O	in	melt	
Run	#	 P	(kb)	 T	(°C)	 time	(hours)	
Initial	wt.	
%	H2O	
		 Glass	fraction	 Minerals	 		 An	content	 sd	 		 SIMS	 sd	 VBD	 sd	

















































92-8U	 8	 920	 49	 4.3	 		 0.63	 plag,amph,cpx,ox	 		 0.827	 0.072	 		 8.3	 0.8	 		 		
	177 








was	measured	 as	 1H+	 secondary	 ions	 from	 a	 pre-cleaned	 25	micron	 image	 field	with	 an	 extraction	186 
voltage	of	4.5	kV	and	an	offset	of	75	V.	H2O	was	calibrated	against	glass	standards	NIST610,	Sisson51,	187 
Lipari	and	MC84b2	containing	0.72	to	4.32	wt%	H2O.	Calibration	working	curves	of	1H/30Si	vs	H2O	with	188 
R2>0.99	were	 used	 to	 calculate	H2O	 content.	 SIMS	 analysis	 sites	were	 examined	 post-SIMS	using	 a	189 
scanning	 electron	 microscope.	 Any	 analyses	 that	 visibly	 intersected	 crystals	 were	 discarded.	 The	190 
results	 of	 the	 phase	 equilibrium	 experiments	 are	 presented	 in	 section	 4.1.1.	 Note	 that	 natural	191 
















	 	 	 	 𝜎!"# =  𝜎!. 𝑒𝑥𝑝!(!"!!∆!) !" 			 	 	 	 (eq.	1)	208 
where	σ0	is	a	pre	exponential	factor	(S.m-1),	Ea	the	activation	energy	(J),	P	the	pressure	(bar),	ΔV	the	209 
activation	volume	(cm3.mol-1),	R	the	gas	constant	and	T	the	temperature	(K).	Activation	energy	ranges	210 
from	 171	 kJ	 for	 dry	 melts	 to	 67	 kJ	 for	 the	 most	 hydrated	 samples	 and	 the	 logarithm	 of	 the	 pre-211 
exponential	 factor	 σ0	 depends	 linearly	 on	 the	 water	 content	 and	 the	 pressure	 (Fig.	 4).	 These	212 
relationships	 were	 then	 used	 to	 build	 a	 conductivity	 model	 of	 andesite	 melt	 as	 a	 function	 of	213 
temperature,	pressure	and	water	content	following	the	method	of	Laumonier	et	al.	(2015):		214 
	 	 	 	 𝜎! = exp { 𝑎𝑤 + 𝑏 + 𝑃 ∗ 𝑐𝑤 + 𝑑 }	 	 	 (eq.	2)		215 
	 	 	 	 𝐸𝑎 = 𝑒𝑤 + 𝑓			 	 	 	 	 	 (eq.	3)		216 
	 	 	 	 Δ𝑉 = 𝑔𝑤 + ℎ	 	 	 	 	 	 	 (eq.	4)		217 







an	 andesitic	 composition	 and	 is	 distributed	 through	 a	 solid	 matrix	 dominated	 by	 plagioclase	 and	225 
orthopyroxene	 (σplagioclase	 =	 3.2E-4	 and	 σorthopyroxene	 =	 1.3E-3	 at	 980°C;	Maury,	 1968).	 However,	 the	226 









a	 B	 c	 d	 e	 f	 g	 h	
-0,34	 8,96	 -8,07E-06	 1,67E-04	 -9627	 1,25E+05	 -1,46E-01	 2,462	







Our	 data	 can	 be	 used	 to	 infer	 the	 amount	 of	 magma	 and	 water	 content	 of	 the	 deep	 crustal	241 
conductors	detected	by	MT	surveys	 in	three	different	major,	active	continental	arcs:	Altiplano-Puna	242 
magma	 body	 (APMB)	 located	 in	 the	 central	 Andes;	 the	 Southern	Washington	 Cascades	 Conductor	243 
beneath	the	Cascade	volcanic	arc	(SWCC;	USA),	and	the	conductor	beneath	the	Taupo	Volcanic	Zone	244 
(TVZ;	 New	 Zealand)	 (Comeau	 et	 al.,	 2015;	 Hill	 et	 al.,	 2009;	 Heise	 et	 al.,	 2010;	Wannamaker	 et	 al.,	245 
2014).		246 
4.1.1. Altiplano-Puna	Magma	Body	247 
The	 Altiplano-Puna	Magma	 Body	 (APMB)	 is	 located	 in	 the	 central	 Andes,	 the	 type	 example	 of	 an	248 
ocean-continent	subduction	zone.	The	APMB	is	arguably	the	largest	crustal	magma	body	identified	on	249 
Earth	 (Zandt	 et	 al.,	 2003).	 Volcanism	 above	 the	APMB	 is	mostly	 dacitic,	 but	 andesite	 enclaves	 and	250 








with	 the	MT	data.	 The	 geophysical	 characteristics	 (seismic,	 gravity,	 heat	 flow	 and	 electrical)	 of	 the	259 
AMPB	have	 long	been	attributed	 to	 the	presence	of	magmas.	 Saline	 fluids	 could	generate	 the	high	260 
conductivity	of	the	APMB	if	they	could	connect	over	large	distances	(several	10s	of	km),	though	the	261 
geological	 process	 producing	 such	 a	 large	 amount	 of	 chlorine-rich	 fluid	 is	 unclear.	 Exsolution	 of	262 
magmatic	 volatiles	 from	 magma	 would	 produce	 high	 temperature,	 water-rich	 and	 chlorine-poor	263 
fluids,	remaining	as	bubbles	in	the	magma	and	therefore	invisible	to	MT	data.		264 
The	 petrology	 of	 the	 Uturuncu	 andesite	 enclaves	 indicates	 pre-eruptive	 magma	 equilibration	 at	265 






that	 in	 the	 enclaves.	 In	 this	 regard	 it	 is	 noteworthy	 that	 the	 phase	 equilibrium	 experiments	 best	272 
reproduce	 the	 natural	 plagioclase	 +	 orthopyroxene	 assemblage	 at	 980	 °C	 and	 5-8	 kbar	 (Table	 3),	273 
consistent	with	 the	 depth	 to	 the	APMB	 as	 determined	 geophysically.	Uncertainties	 in	 temperature	274 
have	little	effect	on	the	conductivity	since	log	σ	changes	by	~	0.1	with	a	variation	of	50°C	at	6	kbar	and	275 
H2O	=	7	wt.%.	This	demonstrates	that	the	conductivity	of	andesite	melt	is	controlled	primarily	by	its	276 




reservoir	 containing	 100%	melt.	 Evidently	 more	 than	 6	 wt%	 H2O	 dissolved	 in	 the	melt	 is	 need	 to	281 
explain	the	high	conductivity	of	the	APMB.	At	6kbar,	the	H2O	solubility,	defining	the	maximum	melt	282 
water	 content	 in	 andesite,	 is	 around	10	wt.%	 (Grove	et	 al.,	 2012),	which	 requires	a	minimum	melt	283 
fraction	 of	 8%	 to	 explain	 the	 observed	 conductivity	 of	 the	 APMB	 (Fig.	 5).	 However,	 if	we	 consider	284 
saturation	with	a	mixed	H2O-CO2	fluid,	the	maximum	H2O	content	in	the	melt	is	reduced;	for	example,	285 
with	15	mol%	CO2	in	the	fluid,	the	maximum	melt	H2O	content	is	7	wt.%,	which	would	require	a	melt	286 





Fig.	 5.	 Determination	 of	 melt	 fraction	 and	 water	 content	 in	 APMB.	 (A)	 Combinations	 of	 water	292 
content	and	melt	fraction	consistent	with	σ	=	1	S/m	(Comeau	et	al.,	2015)	at	depths	>	15	km	(6	kbar)	293 
below	 sea	 level.	 Pressure	 and	 temperature	 variations	 have	 negligible	 effect	 on	 the	 conductivity	294 
compared	 to	 water	 content	 and	 melt	 fraction.	 The	 minimum	 melt	 fraction	 is	 determined	 by	 the	295 
maximum	water	content	at	such	depths	(i.e.	saturation),	shown	by	the	horizontal	dashed	line.	X[H2O]	296 
stands	 for	 the	 molar	 water	 fraction	 in	 the	 fluid	 phase.	 (B)	 Anorthite	 (An)	 content	 (An	 =	 molar	297 






The	 inferred	 high	 water	 content	 of	 the	 andesitic	 melts	 in	 the	 APMB	 can	 be	 independently	304 
corroborated	 using	 geochemistry	 and	 petrology.	 To	 this	 end,	 we	 use	 the	 high	 pressure	 phase	305 
equilibrium	 experiments	 on	 the	 Uturuncu	 andesite	 under	 water-saturated	 and	 undersaturated	306 
conditions,	 5	 to	 8	 kbar	 and	 890-980	 °C	 presented	 above.	 Our	 objective	 was	 to	 determine	 the	307 











20	 vol%	 of	 H2O	 (±CO2)	 -saturated	 andesitic	 melts	 at	 a	 temperature	 close	 to	 980°C	 within	 a	 solid	319 
matrix,	as	suggested	by	the	thermal	models	of	Annen	et	al.	(2006).	The	minimum	melt	water	content	320 
must	be	8	wt%	in	order	to	have	Ca-rich	plagioclase	on	the	liquidus	and	to	be	sufficiently	conductive.	321 








about	 10	 vol%	 of	 the	 APMB,	 the	 rest	 being	 composed	 of	 materials	 that	 remains	 invisible	 to	 MT	330 
sounding	 (low	 EC);	 noritic	 cumulates	 being	 long-produced	 by	 magmatic	 flare-ups,	 probably	331 
accompanied	 with	 a	 mixture	 of	 the	 surrounding	 Andean	 crust	 (plus	 the	 accumulated	 solidified	332 
products	of	several	millions	of	years	of	magmatism	in	this	area)	may	constitute	the	remaining	90	vol%	333 
of	the	APMB.	All	 in	all,	 it	must	be	clear	that	we	can	only	address	here	the	nature	of	the	conductive	334 
materials	 in	 the	 APMB,	 the	 rest	 being	 “electrically”	 invisible.	 In	 our	 interpretation	 the	 andesite	335 
enclaves	 in	 Uturuncu	 dacites	 represent	 quenched	 droplets	 of	 the	 resident	melt	 of	 the	 APMB.	 The	336 
dacite	 magmas	 themselves	 must	 be	 generated	 at	 or	 above	 the	 top	 of	 the	 APBM;	 their	 isotopic	337 





Using	 the	 same	 methodology	 we	 investigated	 magma	 bodies	 detected	 beneath	 the	 Southern	343 
Washington	Cascades	Conductor	(SWCC).	In	the	Cascades,	a	large	conductive	body	(0.1	to	1	S/m)	was	344 
detected	at	~20	km	bsl	and	is	thought	to	contain	2	to	12	vol%	melts	in	the	vicinity	of	Mount	Rainier	345 
and	Mount	 St.	 Helens	 (Hill	 et	 al.,	 2009;	McGary	 et	 al.,	 2014).	 The	 synthesis	 of	Wannamaker	 et	 al.	346 
(2014)	 showed	 that	 there	 is	 significant	 north-south	 variation	 in	 the	 conductivity	 structure	 of	 the	347 
Cascadia	subduction	zone,	and	that	conductive	anomalies	extend	down	to	the	subducted	slab	in	many	348 
places	 suggestive	 of	 flux	melting	 of	 the	mantle	wedge.	Magmas	 generated	 by	 this	mechanism	 are	349 
likely	 basaltic,	 ascending	 and	 ponding	 in	 the	 crust	 to	 produce	more	 evolved	 derivatives.	 Although	350 
these	erupted	lavas	are	dominantly	felsic,	they	derive	from	intermediate	magma	as	suggested	by	the	351 


















water	contents	 in	the	TVZ;	Deering	et	al.	 (2011)	propose	that	dacitic	and	silicic	andesite	melts	from	370 
the	 ~10	 ka	 Tongariro	 eruption	 contained	 6.3±0.8	 wt%	 H2O	 at	 a	 depth	 of	 10	 km.	 However,	 water-371 
saturated	intermediate	magmas	cannot	explain	the	conductivity	close	to	1	S/m	of	shallower	reservoirs	372 
(<10	 km),	 which	 may	 thus	 be	 filled	 by	 more	 conductive,	 felsic	 magmas	 and/or	 magmatic	 brines	373 
associated	with	degassing	of	such	magmas	(Gaillard,	2004;	Hurst	et	al.,	2016).	374 
	375 
Fig.	6.	Electrical	conductivity	 (Log	scale,	EC	 in	S/m)	of	crustal	magma	bodies	with	respect	 to	 their	376 
melt	fraction	and	water	content.	Intermediate	magma	bodies	located	in	the	lower	to	mid	crust	must	377 




Water-rich	 andesite	 melt	 reservoirs	 appear	 to	 be	 an	 important	 feature	 of	 the	 mid-crust	 in	 three	382 
continental	 subduction-zone	settings.	The	depth	of	andesite	melt	storage	within	 the	APMB	and	the	383 
SWCC	(15	to	20	km	bsl)	can	be	explained	by	their	high	dissolved	H2O	contents	(>8	wt.%):	ascent	of	the	384 
andesite	 to	 shallower	 depth	would	 lead	 to	H2O	degassing,	 driving	 substantial	 crystallization	 (Lee	&	385 
Bachmann,	 2014;	 Annen	 et	 al.,	 2006;	 Sisson	 &	 Grove,	 1993;	 Blundy	 &	 Cashman,	 2001),	 impeding	386 






products,	 the	 dominant	 melt	 phase	 in	 the	 arc	 at	 mid-crustal	 depths	 is	 hydrous	 andesite	 in	393 
composition.	Our	 approach	 is	 unable	 to	 establish	whether	 arc	 andesites	 are	 the	products	 of	 direct	394 
mantle	 melting	 (Castro	 et	 al.,	 2013)	 or	 crystallisation	 of	 mantle-derived	 basalts.	 The	 latter	 option	395 
would	 require	parental	 basalts	with	 ~4	wt.%	H2O	 (Plank	 et	 al.,	 2013).	 The	 inferred	dissolved	water	396 
content	 of	 arc	 andesites	 reported	 in	 this	 study	 are	 at	 the	 upper	 end	 of	 that	 previously	 reported		397 
(Carmichael,	 2002,	 Annen	 et	 al.,	 2006),	 further	 emphasizing	 the	 important	 role	 of	 the	 “andesite	398 
aqueduct”	in	the	geologic	water	cycle	and	deep	differentiation	of	arc	magmas.	399 
If	 the	 total	 APMB	 volume	 is	 taken	 to	 be	 500,000	 km3	 (Ward	 et	 al.,	 2014),	 then	 the	mass	 of	water	400 
contained	 in	 the	 reservoir	 is	 about	 1.4x1016	 kg,	 which	 is	 comparable	 to	 the	 volume	 of	 the	 largest	401 









of	 andesitic	 melt	 at	 conditions	 encountered	 in	 the	 continental	 crust.	 We	 interpret	 the	 high	411 
conductivities	 detected	 by	MT	 studies	 of	 large,	 crustal	magma	 reservoirs	 in	 subduction	 settings	 as	412 
being	 due	 to	 the	 presence	 of	 super-hydrous	 andesitic	 melts	 (≥8	 wt%	 H2O).	 This	 conclusion	 is	413 
supported	 by	 petrological	 evidence	 that	 arc	 magmas	 differentiate	 from	 hydrous,	 mantle	 derived	414 
basalts	with	 ≥4	wt%	H2O	 (Plank	 et	 al.,	 2013).	 Crystallization	 of	 such	 parents	 by	 roughly	 50-60%	 to	415 
produce	 derivative	 andesite	melts	with	 ~60	wt%	 SiO2	 at	 1000	 °C	 (e.g.	 Nandedkar	 et	 al.,	 2014)	will	416 
involve	a	near	doubling	of	the	water	content	provided	that	pressures	are	sufficiently	high	to	keep	this	417 







Annen,	 C.,	 Blundy,	 J.,	 Sparks,	 R.S.J.	 (2006).	 The	 genesis	 of	 intermediate	 and	 silicic	magmas	 in	 deep	425 
crustal	hot	zones.	Journal	of	Petrology	47,	505-539.	426 
Blatter,	D.L.,	 Sisson,	 T.W.,	Hankins,	W.B.	 (2013).	Crystallization	of	oxidized,	moderately	hydrous	arc	427 




Blundy,	 J.,	 Cashman,	 K.V.,	 Rust,	 A.,	 Witham,	 F.	 (2010).	 A	 case	 for	 CO2-rich	 magmas.	 Earth	 and	432 
Planetary	Science	Letters	290	(3),	289-301.	433 




Castro,	 A.,	 Vogt,	 K.,	 Gerya,	 T.	 (2013).	 Generation	 of	 new	 continental	 crust	 by	 sublithospheric	 silic-438 
magma	relamination	in	arcs:	A	test	of	Taylor’s	andesite	model.	Gondwana	Research	23	(4),	1554-439 
1566;	DOI:10.1016/j.gr.2012.07.004.	440 
Comeau,	M.J.,	 Unsworth,	M.	 J.,	 Ticona,	 F.,	 Sunagua,	M.	 (2015).	Magnetotelluric	 images	 of	magma	441 





del	 Potro,	 R.,	 Diez,	M.,	 Blundy,	 J.	 ,	 Camacho,	 A.G.	 ,	 Gottsmann,	 J.	 (2013).	 Diapiric	 ascent	 of	 silicic	447 
magma	beneath	the	Bolivian	Altiplano.	Geophysical	Research	Letters	40,	2044-2048.	448 
Edmonds,	M.,	Humphreys,	M.C.S.,	Hauri,	E.H.,	Herd,	R.A.,	Wadge,	G.,	Rawson,	H.,	Ledden,	R.,	Plail,	M.,	449 
Barclay,	 J.,	 Aiuppa,	 A.,	 Christopher,	 T.E.	 (2014).	 Pre-eruptive	 vapour	 and	 its	 role	 in	 controlling	450 




Gaillard,	 F.,	 Iacono-Marziano,	 G.	 (2005).	 Electrical	 conductivity	 of	 magma	 in	 the	 course	 of	455 




Green,	 D.H.,	 Ringwood,	 A.E.	 (1967).	 An	 experimental	 investigation	 of	 the	 gabbro	 to	 eclogite	460 
transformation	and	its	petrological	applications.	Geochemica	and	Cosmochimica	Acta	31	(5),	767-461 
833.		462 
Grove,	 T.L.,	 Till,	 C.B.,	 Krawczynski,	 M.J.	 (2012).	 The	 role	 of	 H2O	 in	 subduction	 zone	 magmatism.	463 
Annual	Review	of	Earth	and	Planetary	Sciences	40,	413-439.	464 
Heise,	 W.,	 Caldwell,	 T.G.,	 Bibby,	 H.M.,	 Bennie,	 S.L.	 (2010).	 Three-dimensional	 electrical	 resistivity	465 
image	 of	 magma	 beneath	 an	 active	 continental	 rift,	 Taupo	 Volcanic	 Zone,	 New	 Zealand.	466 
Geophysical	Research	Letter	37,	L10301,	doi:10.1029/2010GL043110,	2010.	467 
Hill,	G.J.,	Caldwell,	 T.G.,	Heise,	W.,	Chertkoff,	D.G.,	Bibby,	H.M.,	Burgess,	M.K.,	Cull,	 J.P.,	Cas,	R.A.F,	468 
(2009).	 Distribution	 of	 melt	 beneath	 Mount	 St	 Helens	 and	 Mount	 Adams	 inferred	 from	469 
magnetotelluric	data.	Nature	Geoscience	2,	doi:10.1038/NGEO661.	470 




Jakobsson,	 S.	 (2012).	 Oxygen	 fugacity	 control	 in	 piston-cylinder	 experiments.	 Contributions	 to	475 
Mineralogy	and	Petrology	164	(3),	397–406.	476 




Kent,	 A.J.R,	 Darr,	 C.,	 Koleszar,	 A.M.,	 Salisbury,	M.J.,	 Cooper,	 K.M.,	 (2010).	 Preferential	 eruption	 of	481 
andesitic	magams	through	recharge	filtering.	Nature	Geoscience	3,	doi:10.1038/NGEO924.	482 
Laumonier,	 M.,	 Scaillet,	 B.	 ,	 Pichavant,	 M.,	 Champallier,	 R.,	 Andújar	 J.,	 Arbaret,	 L.	 (2014).	 On	 the	483 
conditions	 of	 magma	 mixing	 and	 its	 bearing	 on	 andesite	 production	 in	 the	 crust.	 Nature	484 
communications	5,	doi:10.1038/ncomms6607.	485 
Laumonier,	M.,	Gaillard,	 F.,	 Sifre,	D.	 (2015).	 The	effect	of	pressure	and	water	 concentration	on	 the	486 
electrical	 conductivity	 of	 dacitic	 melts:	 Implication	 for	 magnetotelluric	 imaging	 in	 subduction	487 
areas.	Chemical	Geology	418.	doi:10.1016/j.chemgeo.2014.09.019.	488 
Lee,	 C.	 T.	 A.,	 Bachmann,	 O.	 (2014).	 How	 important	 is	 the	 role	 of	 crystal	 fractionation	 in	 making	489 
intermediate	magmas?	 Insights	 from	Zr	 and	P	 systematics.	Earth	 and	Planetary	 Science	 Letters	490 
393,	266-274.	491 
McDade,	P.,	Wood,	B.,	Van	Westrenen,	W.,	Brooker,	R.,	Gudmundsson,	G.,	 Soulard,	H.,	Najorka,	 J.,	492 
Blundy,	 J.	 (2002).	 Pressure	 corrections	 for	 a	 selection	 of	 piston-cylinder	 cell	 assemblies.	493 
Mineralogical	Magazine	66	(6),	1021–1028.	494 
McGary,	 R.S.,	 Evans,	 R.L.,	 Wannamker,	 P.E.,	 Elsenbeck,	 J.,	 Rondenay,	 S.	 (2014).	 Pathway	 from	495 
subducting	 slab	 to	 surface	 for	melt	 and	 fluids	 beneath	Mount	 Rainier.	Nature	Geoscience	511,	496 
doi:10.1038/nature13493.	497 
Martel,	 C.,	 Pichavant,	 M.,	 Holtz,	 F.,	 Scaillet,	 B.	 (1999).	 Effects	 of	 fO2	 and	 H2O	 on	 andesite	 phase	498 
relations	between	2	and	4	kbar.	J.	Geophys.	Res.	104,	29453-29470.	499 




Michelfelder,	 G.S.,	 Feeley,	 T.C.,	 Wilder,	 A.D.	 (2014).	 The	 Volcanic	 Evolution	 of	 Cerro	 Uturuncu	:	 A	504 
High-K,	 Composite	 Volcano	 in	 the	 Back-Arc	 of	 the	 Central	 Andes	 of	 SW	 Bolivia.	 International	505 
Journal	of	Geosciences	5	(11),	1263.	506 
Muir,	 D.,	 Blundy,	 J.,	 Rust,	 A.C.,	 Hickey,	 J.	 (2014a).	 Experimental	 constraints	 on	 dacite	 pre-eruptive	507 
magma	storage	conditions	beneath	Uturuncu	volcano.	Journal	of	Petrology	55,	749-767.	508 
Muir,	 D.,	 Blundy,	 J.,	 Hutchinson,	 M.,	 Rust,	 A.C.	 (2014b).	 Petrological	 imaging	 of	 an	 active	 pluton	509 
beneath	Cerro	Uturuncu,	Bolivia.	Contributions	to	Mineralogy	and	Petrology	167	(3),	1-25.	510 















Plank,	 T.,	 Kelley,	 K.A.,	 Zimmer,	M.M.,	 Hauri,	 E.H.,	Wallace,	 P.J.	 (2013).	Why	 do	mafic	 arc	magmas	526 
contain	~4wt%	water	on	average?.	Earth	and	Planetary	Science	Letters	364,	168-179.	527 





Reubi,	O.,	Blundy,	 J.,	 (2009).	A	dearth	of	 intermediate	melts	 at	 subduction	 zone	volcanoes	and	 the	533 
petrogenesis	of	arc	andesite.	Nature	461,	1269-1273.		534 
Rudnick,	R.	L.		(1995).	Making	continental	crust.	Nature	378,	571–578.	535 
Sisson,	T.W.,	Grove,	T.L.	 	 (1993).	Temperatures	and	H2O	contents	of	 low-MgO	high-alumina	basalts.	536 
Contributions	to	Mineralogy	and	Petrology	113(2),	167-184.	537 
Sifré,	 D.,	 Gardés,	 E.,	 Massuyeau,	 M.,	 Hashim,	 L.,	 Hier-Majumder,	 S.,	 Gaillard,	 F.	 (2014).	 Electrical	538 
conductivity	during	incipient	melting	in	the	oceanic	low-velocity	zone.	Nature	509,	81-85.	539 
Sparks,	R.S.J.,	Folkes,	C.B.,	Humphreys,	M.C.S.,	Barfod,	D.N.,	Clavero,	J.,	Sunagua,	M.C.,	McNutt,	S.R.,	540 
Pritchard,	 M.E.	 (2008).	 Uturuncu	 volcano,	 Bolivia:	 Volcanic	 unrest	 due	 to	 mid-crustal	 magma	541 
intrusion,	American	Journal	of	Science	308,	727-769.	542 
Wannamaker,	 P.E.,	 Evans,	 R.L.,	 Bedrosian,	 P.A.,	 Unsworth,	 M.J.,	 Maris,	 V.,	 McGary,	 R.S.	 (2014).	543 
Segmentation	 of	 plate	 coupling,	 fate	 of	 subduction	 fluids,	 and	 modes	 of	 arc	 magmatism	 in	544 
Cascadia	inferred	from	magnetotelluric	resistivity.	Geochemistry,	Geophysics,	Geosystems	15	(11),	545 
4230-4253.	546 
Ward,	 K.M.,	 Zandt,	 G.,	 Beck,	 S.L.,	 Christensen,	 D.H.,	 McFarlin,	 H.	 (2014).	 Seismic	 imaging	 of	 the	547 
magmatic	underpinnings	beneath	the	Altiplano-Puna	volcanic	complex	 from	the	 joint	unversion	548 
of	surface	wave	dispersion	and	receiver	functions.	Earth	and	planetary	science	letter	404,	43-54.	549 










EAR-0908281	 to	 Cornell	 University.	 The	 authors	 thank	 A.	 Castro	 and	 an	 anonymous	 reviewer	who	560 
helped	in	clarifying	the	manuscript,	and	J.P	Brodholt	for	editorial	assistance.	561 
